The superconductor insulator transition in systems of ultrasmall grains 
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We present transport measurements on quench condensed granular Pb films in which the grains 
are 40 — SOA in diameter. These films show a cross over from an insulator to a superconductor 
behavior as the nominal thickness of the layer is increased. This transition is different in nature 
than those seen in quench condensed systems reported in the past where the films were either 
uniform or granular with grain sizes on the order of 200 A. We discuss possible physical mechanisms 
for these transitions. 
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The superconductor insulator transition (SIT) in thin 
layers has attracted a lot of interest for close to three 
decades and has been lately revived due to the possibil- 
ity that it is a quantum phase transition at T=0 [1-6]. A 
number of theoretical scenarios have been suggested to 
try to explain why superconductivity is destroyed as the 
thickness of the layer is decreased. These can be classi- 
fied into two major classes. The first invokes a "Bosonic" 
picture in which isolated superconducting islands exist 
in a non superconducting matrix [4]. Here, Cooper pairs 
are localized on the islands resulting in an insulating be- 
havior of the film. The other scenario [5] proposes lo- 
calization of single electrons as a result of disorder and 
Coulomb interaction effects. 

The technique of quench condensation, i.e. sequential 
evaporation on a cryogenically cold substrate under UHV 
conditions, has proven to be a very useful tool for study- 
ing the SIT [7-10]. Depending on the choice of substrate, 
this technique enables one to probe both mechanisms of 
the SIT: If the samples are quench condensed on a pas- 
sivated substrate (such as SiO), they grow in a granular 
manner so that the film brakes up into separated islands. 
The average distance between the islands decreases upon 
adding material. In these samples there is a critical thick- 
ness dc, below which no conductivity can be measured. 
For granular Pb, dc ~ lOOA. Once the thickness, d, of the 
sample is larger than dc, the sheet resistance, R, drops ex- 
ponentially with thickness until, for R < 6kD,, it switches 
to a normal Ohmic behavior (i? oc 1/d). STM measure- 
ments on quench condensed Pb granular films close to dc 
[11-13] show that the grains are about 200A in diame- 
ter and 50-80A in height. On the other hand when the 
substrate is pre-coated by a thin layer of amorphous Ge 
(which is insulating at 4K), the sample grows uniformly 
and is continuous at a thickness of 1-2 monolayers of ma- 
terial [7] after which the sample obeys the usual R oc 1/d 
dependence. It is believed that the large number of dan- 
gling bonds in the Ge layer act as nucleation centers for 
the evaporated metals, thus the deposited adatoms are 
less mobile and the sample grows homogeneously. 

These two geometries lead to two different types of 
SIT. Figure 1 compares the behavior of uniform and gran- 



ular quench condensed films of Pb on a SiO substrate. 
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FIG. 1. Resistance versus temperature for sequential layers 
of quench-condensed granular Pb (left) and uniform Pb evap- 
orated on a thin Ge layer (right). Different curves correspond 
to different nominal thickness. 

In the uniform film it is seen that for R > 6krt the sam- 
ple is insulating. As the film thickness is increased and 
the resistance is decreased, a superconducting transition 
evolves with increasing critical temperature, Tc, which 
approaches the bulk value (7.2K for Pb) for thick enough 
samples. The superconducting transitions themselves are 
relatively sharp and well defined. In the granular film a 
crossover from an insulating to superconducting behav- 
ior is also observed. However, here Tc is not very well 
defined and the superconducting transitions have broad 
tails which become sharper as material is added to the 
film. If Tc is defined as the temperature at which the re- 
sistance starts dropping exponentially, it has bulk value 
and barely changes throughout the entire SIT. Moreover, 
even on the insulating side of the SIT the curve changes 
its slope at T = Tc reflecting the influence of supercon- 
ductivity even in the thinnest measurable samples. A 
similar effect is seen in the properties of the energy gap, 
A. Tunneling measurements show [14,15] that while in 
the uniform film A grows with increasing thickness so 
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that the ratio ^ is roughly constant, in the granular 
case the bulk energy gap is measured even on the insu- 
lating side of the transition and its does not change with 
additional material. 

These differences are attributed to a different nature 
of the SIT [14]. In the granular case the grains are large 
enough to sustain superconductivity with bulk proper- 
ties. However, for the high resistance samples, there are 
phase fluctuations between the grains leading to an insu- 
lating R-T curve. As more material is added the Joseph- 
son coupling increases and eventually superconducting 
percolation is achieved. The situation is different for the 
uniform geometry where the film is believed to be ho- 
mogeneous on an atomic level. In this case the SIT is 
due to suppression of the order parameter amplitude at 
ultra-low thickness due to an interplay between coulomb 
interactions and disorder. 

So far, all studies on quench condensed based SIT have 
been performed on cither extreme of very homogeneous 
layers or granular films with grains large enough to have 
bulk superconductor characteristics. In this paper we 
describe results obtained on films that bridge these two 
extremes. We grow granular Pb films in which the grains 
are too small to sustain bulk superconducting properties 
and investigate the nature of the SIT in these samples. 
This geometry is intriguing. Though much attention has 
been directed towards understanding the nature of su- 
perconductivity in grains in which the discrete electronic 
level spacing is larger than A, [16, 17], not much is known 
about an array of coupled ultrasmall grains. 

Since the Ge under-layer appears to be the cause for 
the uniformity of the films, the natural way to try and 
reduce the size of the grains would be to grow a very 
thin layer of Ge prior to the Pb evaporation. This turns 
out to be very difficult because 1-2 monolayers of Ge are 
enough to cause atomically uniform films. Alternatively, 
one can achieve a suitable substrate for ultrasmall grains 
by applying difForont evaporation conditions than those 
used in previous works. Conventional quench condensed 
films, such as those described in figure 1, were deposited 
in a vacuum can set-up immersed in a liquid He^ bath, 
resulting in UHV conditions {P < 10~^^mbar) due to 
cryopumping of the can. The samples described in this 
work were grown in a normal high-vacuum evaporation 
chamber equipped with a cold finger capable of reach- 
ing temperatures as low as 4K. The base pressure in the 
chamber was lO^'^ mbar. This pressure is low enough 
to allow relatively pure evaporations but it is still a few 
orders of magnitude higher then that in the previous set- 
ups. In this system one can expect particles from the 
residual pressure in the chamber to cryopump on the 
substrate, which is the coldest element in the set-up. As 
time goes by nucleation centers form on the substrate, 
causing the granularity of the evaporated material to de- 
crease. Indeed, depending on the waiting time before 
evaporation, we achieve samples with dc between 20 and 



50A. This should be compared to dc ~ lOOA for granular 
Pb and dc ~ SA for uniform Pb. 

The resistance versus temperature curves for several 
samples having dc between 45 and 22A are shown in 
figure 2. These curves were measured using standard 4 
probe AC techniques and making sure, for each point 
on the curve, that the I-V characteristics are in the lin- 
ear regime. An SIT is observed for all these samples. 
However, the details of the transition are different than 
both those of uniform and those of granular systems. In 
fact the samples have characteristics of both types of ge- 
ometries. On one hand Tc changes considerably as more 
material is added and on the other hand the transitions 
exhibit broad tails. 
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FIG. 2. Resistance versus temperature of Pb quench con- 
densed samples having dc — 45, 33 and 22A from top to bot- 
tom respectively. The dashed lines are the calculated curves 
that are expected according to equation 2 for large grains. 

The fact that these samples are granular in nature can 
be seen from a number of experimental findings. First, 
dc is much larger then a monolayer indicating that the 
films are not atomically uniform. Secondly, the resis- 
tance as a function of thickness (for d > dc), as shown in 
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figure 3, begins with a sharp exponential dependence be- 
fore turning Ohmic, reflecting the tunneling nature of the 
transport. In addition the I-V curves shown in the inset 
of figure 3, exhibit a series of hysteretic jumps, typical 
to a granular system which contains an array of Joseph- 
son junctions with different critical currents. These cause 
avalanche bursts of the I-V curve at discrete voltages [18]. 
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FIG. 3. Resistance versus thickness for a number of sam- 
ples having dc of 22 A (circles), 26A (triangles), 35A (dia- 
monds), 44 A (squares) and 49 A (stars). Insert: Dynamic 
resistance as a function of voltage for a typical sample mea- 
sured at T=4K. The measurements are taken sweeping the 
bias in both directions showing the hysteretic nature of the 
curves. The arrows mark the direction of the sweeps. 

Hence, the film is composed of grains. Nevertheless, 
the critical temperatures we measure for all the layers 
are smaller than that of the bulk. This together with 
the relatively small dc of the films lead to the conclu- 
sion that the grains are considerably smaller then those 
in the previously studied granular structures. Using a 
simple model based on the geometries deferred from the 
STM measurement in the large grains we estimate the 
average grain size in our samples to be around 40-80A in 
diameter and about 50 A in height. The electronic level 
spacing, d* in a single grain can be calculated using the 
free electron expression for the density of states, N{Ep-^ : 
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where 51 is the volume of the grain. For our Pb grains this 
yields a level spacing of ~0.75 meV which is smaller than 
the superconducting energy gap, A = lAmeV. Thus, su- 
perconductivity can be expected to be suppressed and the 
critical temperature of the grains may indeed be smaller 
than that of the bulk. 

Because the geometry of these systems lies between 
that of the uniform films and the large-grain films, one 
could expect that the physical properties would also show 
intermediate behavior. This is not the case. Since dc is 



geometry and material dependent, the relevant param- 
eter for comparing different systems is the normal-state 
sheet resistance, Rjv, which reflects the degree of disor- 
der, rather than the film thickness. In the large grain sys- 
tems, the resistance versus temperature for < SOkft 
and T < Tc follows an exponential behavior (see figure 
1) and can be expressed in the following way [19]: 

R = Roe^ (2) 

Though the cause for this dependence is not yet un- 
derstood, it turns out to be universal for all quench con- 
densed granular superconductors. Moreover, the slope 
of the curves, depends only on i?jv and not on the 
material or the Tc [20]. Our samples do not follow this 
dependence. Instead, R versus T is always slower than an 
exponential law and the slope of the curves everywhere is 
less steep then what it would be for a similar Rn in the 
usual granular system. This can be seen in figure 2 where 
we have sketched curves as they would have been mea- 
sured for large-grain systems having a similar Tc and Rn- 
Clearly the small-grain samples exhibit a much slower 
dependence on temperature. This trend becomes weaker 
as dc decreases, as expected when the sample approaches 
uniformity. 

The critical temperatures measured in these samples 
also do not fall between those of the two extreme ge- 
ometries. Figure 4 depicts Tc as a function of Rn for a 
number of our samples compared to that of uniform films 
[14]. It is seen that all samples with Rn < IkQ have crit- 
ical temperatures smaller than that of the uniform film. 
The smaller the dc the smaller arc the critical temper- 
atures (though this trend seems to stop as the sample 
approaches uniformity). 
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FIG. 4. Gritical temperature, defined as the temperature 
at which the resistance drops to half its normal value, as a 
function of normal-state sheet resistance for samples having 
dc of 22A (full circles), 26A (diamonds), 30A (triangles), 37A 
(empty circles) and 45A (squares). The dashed line is the 
dependence for uniform films. 
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Hence, regarding the tail broadness, the small grain 
films are more extreme than the large grain films, while, 
concerning the critical temperatures they fall shorter 
than those of uniform films. 

The results presented above imply that the mechanism 
of the SIT in the ultrasmall grain system is diflPerent than 
both the transition in a uniform film, which is dominated 
by order parameter amplitude suppression, and that of 
the large-grain systems which is governed by phase fluc- 
tuations. Though the mechanism is not yet understood 
it is clear that fluctuations in either the phase or the 
amplitude of the order parameter alone is not enough 
to account for the findings. Rather, it seems reasonable 
that a combination of both parameters are involved in 
the behavior of these systems. In order to achieve super- 
conductivity, two conditions have to be fulfilled. One is 
that all the grains in the conduction percolation network 
would be close enough to allow Josephson coupling and 
the second is that they all be superconducting. Unlike 
the other two geometries where all the film turns super- 
conducting at once, the ultrasmall grain systems may 
involve a distribution in Tc due to a distribution in grain 
size. Hence, at temperatures smaller than the bulk 
many of the grains are non-superconducting while others 
may have turned superconducting. This leads to a situ- 
ation (which does not occur in the large-grain films) in 
which grains can be close enough to allow strong Joseph- 
son coupling, and yet the sample will not have long-range 
superconductivity because many of the grains are not 
superconducting. Adding small amounts of material to 
the layer causes the average grain size to grow (either 
by coalescence or by increasing the tunneling between 
grains) thus increasing the average critical temperature. 
Similarly, as the temperature of a layer is decreased the 
portion of grains in which T < grows, increasing the 
superconducting area in the film. This may be the reason 
for the relatively weak temperature dependence observed 
in these samples because overcoming the phase fluctua- 
tions is not enough for ensuring superconductivity in the 
system. In this geometry, the dominating factor which 
drives the transition may be the section of the film which 
is superconducting. 

Finally, we note that the quench condensation tech- 
nique enables one to use simple systems as prototypes 
to study the SIT in more complicated systems. The 
use of different substrates for various morphologies leads 
to different types of SIT which provide much insight 
into the physical mechanisms determining the transi- 
tion. The samples described in this work demonstrate 
the nature of the transition in systems in which very 
small regions of superconductivity are embedded in a 
non-superconducting matrix. This is believed to be the 
case in many composite samples studied recently (see for 
example [3]). The R-T dependences of any dirty super- 
conductor can be used as a fingerprint to determine the 



geometry of the superconducting material and the gov- 
erning SIT mechanism. 
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